The contemporary forestry preoccupation with non-declining even-flow during yield simulations detracts from more important questions about the constraints that should bind the end of a simulation. Whilst long simulations help to convey a sense of sustainability, they are inferior to stronger indicators such as the optimal state and binding conditions at the end of a simulation. Rigorous definitions of sustainability that constrain the terminal state should allow flexibility in the planning horizon and relaxation of non-declining even-flow, allowing both greater economic efficiency and better environmental outcomes. Suitable definitions cannot be divorced from forest type and management objectives, but should embrace concepts that ensure the anticipated value of the next harvest, the continuity of growing stock, and in the case of uneven-aged management, the adequacy of regeneration.
Introduction
What planning horizon is appropriate in simulation and optimization studies to establish claims of sustainable forestry? This question is vexed enough for even-aged plantations, but becomes even more complex for continuous cover forests managed through natural regeneration (Pommerening and Murphy 2004) . Given the attention paid to the broader issue of sustainable forestry since 1992 (e.g., Aplet et al 1993 , Maser 1994 , Oliver 2003 , Higman et al 2004 , Espach 2006 , and to the technical aspects of simulation modelling and operational research (e.g., Bettinger and Chung 2004 , Pretzsch et al 2006 , Weintraub and Romero 2006 , Bettinger et al 2010 , Weiskittel et al 2011 , it is surprising that this question about the length of the planning horizon has not been examined more closely, and that there is not more agreement amongst researchers and practitioners. This review examines current norms, and seeks to establish guidelines for further research on planning horizons and aspects affecting yield prediction and planning of forest estates, particularly those practicing continuous cover forestry.
How can one resolve an appropriate length of simulation study to establish that a proposed harvest is sustainable? The answer to this question depends in part on the applicable definition of sustainability and whether a constraint for non-declining even flow is required. A more helpful interpretation of sustainability arises from Hartig (1795) who argued that foresters should utilize forests fully, in a way that future generations will have at least as much benefit as the present generation. This is effectively the same as Bruntland (1987) who expressed the same concept as "meeting the needs of the present without compromising the ability of future generations to meet their own needs". Both these views can be simplified in a forestry context as an objective to maximize current harvests (and services), without impairing future options. Curiously, the contemporary forestry practice to maintain a nondeclining even flow seeks neither of these long established goals, hampers the ability to maximize current utility (e.g., to increase harvesting during buoyant markets and to defer harvests during recessions), and does not explicitly seek to avoid impairing the future options (e.g., may not preclude depletion of standing capital). The more simple case of the optimal even-aged rotation has been well studied (e.g., Newman 2002) , but the more complex question of the sufficient simulation to demonstrate sustainability warrants further attention.
Historical precedents
Evelyn (1664) In this ideal situation, where the site is homogeneous and the climate unchanging, where regeneration is adequate, and the forest is in a steady-state condition, then a one-year simulation is sufficient to prescribe a steady-state harvest. A one-year simulation suffices in this case, because this hypothetical forest is already in a steady-state condition, and because the end condition is precisely defined (as "eighty partitions, every year felling one of the divisions, so as no wood is felled in less than fourscore years"). The real world is rarely so convenient, and it is more common to find forests far from steady-state, and to find the identification of steady-state capricious. Thus it is useful to consider a simple theoretical case to shed some light on the way forward.
Theoretical construct
Consider a simple case, such as unicellular algae in a jar of water, and assume that its state (e.g., biomass) can be measured with a univariate indicator, S. We expect S to follow a characteristic sigmoidal yield curve, and its first derivative, the growth rate, to have a simple maximum such as a quadratic curve (Figure 1 ).
Figure 1.
Hypothetical response curve typical of many natural resources, indicating how production varies with state of the system, and how an optimal state can be identified.
If the system remains at the optimum (S*) then the net growth S′ can be harvested in perpetuity, and a single-cycle simulation may be sufficient to demonstrate sustainability. If the system is overstocked (S 0 >S*), then some harvesting in excess of S′ will return the stand to the optimal state, and a simulation of a few cycles may be warranted to demonstrate the return to the optimal state. If the stand is understocked (S 0 <S*), any harvest may need to be deferred or reduced to allow the system to recover to the optimal state, which may require a longer simulation to illustrate convincingly. This theoretical example is overly simple, but helps to indicate that the length of simulation cannot be divorced from the state of the system. This simple example forms the basis for the successful educational game FishBanks (Meadows 1992) which is well respected for teaching sustainability (e.g., Ruiz-Perez et al 2011).
The corresponding analysis for a real world system quickly becomes more complex than the simple theory above. Even the eighty partitions of even-aged oak forest (Evelyn 1664) add much complication: for instance average age is insufficient as an estate-level state indicator (S), and mean annual increment (S/n) rather than the current annual increment (S′) should be used as the indicator of volume growth (Assman 1970) . In addition, because forestry usually involves periodic substantial harvests rather than small annual harvests at any particular site, the optimal post-harvest stand will not coincide exactly with peak production S′. And because management objectives for most forests are more complex than the simple goals of Evelyn's example (e.g., Westoby 1987 , McKinnell et al 1991 , Lawrence and Stewart 2011 , the optimal state (S*) should not be viewed purely as a timber goal, but in terms of the productive potential of all the goods and services desired from the forest. Despite this complexity, the enduring principle is the use of simulation studies to assist in maximizing current harvests, without impairing future options. And these simple examples help to illustrate that a short simulation is sufficient for forests close to steady-state, whereas a long simulation is warranted for forests far from steady-state, or for which an optimal state S* cannot be defined. However, researchers need to be mindful that long simulations are helpful only if they predict and report appropriate indicators: a long simulation displaying only timber yields and omitting other considerations such as biodiversity indicators is unlikely to inform debate about broader aspects of sustainability, particularly if they are unable to offer evidence that the forest remains unimpaired at the end of the simulation.
It seems appropriate to suggest that the appropriate planning horizon is the shortest possible that demonstrates the attainment either of steady-state S*, or of an improved future condition S 0 <S n <S* (or equivalently, in the case of an overstocked system, S 0 >S n >S*). It is entirely possible that steady-state may not be reached within a reasonable (say 100-year) simulation, that it is impractical to adequately define a steady state condition, or even that the desired end condition S n may not be attainable from the current condition S 0 . In such cases, a suitable compromise may be to demonstrate that the end condition S n is not inferior to the starting condition (thus S 0 <S n <S*), retains the same production potential, and forecloses no management options. In theory, it is possible to assert that forest managers should strive for S 0 <S n <S* when a system is understocked, and S 0 >S n >S* when a system is overstocked, the latter with an inequality because S n ≡S* is likely to be unstable given the variable conditions experienced naturally by most forests. In practice, forest management is more complex because of the challenges of defining, measuring and monitoring forest systems. A few industrial plantation monocultures may have narrow commercial goals that can be monitored adequately using simple indicators such as stand basal area, but most forests have more complex objectives that require multi-criteria management goals not easily reduced to a single univariate state variable. Thus although it is useful to conceptualize and seek an optimal forest condition, the reality is that in practice, both the indicators and optima are fuzzy variables that reflect directions for, rather than destinations in forest management.
Empirical examples of planning horizons
A survey of the literature reveals a wide range in the length of simulation chosen to investigate the sustainability or consequences of timber harvesting (excluding studies of species succession), and reveals few explanations for the length chosen. Hoogstra and Schanz (2009) suggested that 15 years is the most distant horizon that is realistic for most foresters, and Ferguson (2013) argued that planning horizons beyond 50 years stretch credulity, a contrast to earlier suggestions (e.g., Botkin 1993) that 400-year studies may be needed to infer sustainability. It is common for the planning horizons of yield forecasts to span 60 (e.g., Howard and Valerio 1996, Harper et al 2007) to 100 years (e.g., McKenney 1990, Vanclay 1994 , Rohweder et al 2000 , Baskent and Keles 2005 or 2-3 harvesting cycles (e.g., Preston and Vanclay 1988 , Weintraub et al 1994 , Vanclay 1996 , while some studies in tropical forests may deal with intervals as long as 400-500 years (e.g., Huth and Ditzer 2001, Sebbenn et al 2008) . Few authors document the reasons for selecting a particular planning horizon other than to denote that their choice is consistent with established practice.
Unfortunately, it is even less common to explicitly compare the terminal condition at the end of the simulation with the initial condition of the forest, one of the key indicators of sustainability that is arguably more important than demonstrating non-declining even flow (Vanclay 1996) . Whilst optimization studies of silvicultural options often report the desired post-harvesting condition of a single stand, examples of binding constraints on the end point of estate-level simulations are not readily visible amongst refereed publications.
Distractions and Diversions
In recent years, there have been several issues that have distracted rather than contributed to the challenge of identifying, characterising and attaining sustainable forest management. Whilst the thrust of this paper is that the key indicator of sustainability is the post-intervention condition (and potential) of the forest, many researchers have been diverted by subordinate issues such as the ratio of successive harvests, and non-declining even flow. Whilst these concepts have influenced monitoring and policy related to sustainable forest management, they have not contributed to the formulation of criteria for post-disturbance conditions (not only post-harvest, but also post-fire and post-storm conditions), aspects that are arguably more important.
In the early 1990s, there was a flurry of activity concerning the relative size of successive harvests, including the concepts of a sustainable original harvest (in which all harvests are the same as the first) and sustainable disturbance harvest (in which subsequent harvests are the same as the second, e.g. Botkin and Talbot 1992, p.62) . However, Botkin (1993, p. 212) subsequently warned that "reliance on three harvests can be deceptive as a way to determine whether a harvesting practice is sustainable", and suggested that 400-year studies may be necessary to infer sustainability. Vanclay (1996) demonstrated that inference from simple indices based on estimates of successive harvests was unreliable and could be misleading, and argued that the "sustainability or otherwise of the harvest of timber and other natural resources can only be gauged if the nature of the residual (post-harvest) resource, its entire ecosystem and its ecological and human dynamics are also considered".
Non-declining even flow is a constraint imposed on timber harvests in National Forests in the USA as required by legislation enacted during the 1970s (Behan 1977) . Much has written about this legislation and its implications (e.g., Walker 1977 , Lenard 1981 , Wilkinson 1984 , McQuillan 1989 , Howard 2001 , Mathey et al 2009 , but the implication is that it has enshrined the concept of "equal annual yields forever" (Behan 1977 ) as a central tenet of sustainability. However, a more thoughtful analysis of resource management reveals that non-declining even flow is neither necessary nor sufficient for sustainable forestry, and that it is preferable to focus on the post-intervention stand condition rather than the sequence of harvests (Vanclay 1995 , 1996 , Howard 2001 . Whilst the intent of mandating non-declining even flow is to ensure forest products for future generations, this could be achieved more reliably through closer attention to post-disturbance conditions, and to the optimal forest condition. In addition, the strict application of non-declining even flow hampers economic efficiencies because it ignores fluctuations in timber demand -a weakness easily but rarely overcome by stipulating a decadal even flow rather than an annual even flow.
Another tangent that has received considerable attention is the allowable cut effect, which occurs when a forest manager pledges improved silviculture (e.g., use of better planting stock, fertilizer, thinning) to increase future harvests, thus increasing the non-declining even flow with immediate effect. Although this is conceptually akin to the relationship between interest rates and annuities, the allowable cut effect has stimulated considerable debate and a voluminous literature (e.g., Schweitzer et al 1972 , Binkley 1980 , Luckert and Haley 1995 , most with little consideration of post-harvesting conditions and the long-term future productivity of the forest.
Research Needs
Evelyn (1664) advised the use of a number of "partitions, every year felling one of the divisions, so as no wood is felled in less than fourscore years", or more generally, n years, where n represents the optimal rotation age. This remains a sound principle for even-aged estates such as industrial plantations, and considerable research supports the selection of an appropriate harvesting cycle (Valsta 1990 , Newman 2002 . Established techniques can be used to derive the optimal rotation length, irrespective of whether the focus is narrowly on commercial timber, or more broadly includes environmental services. It is sometimes incorrectly assumed that such partitions should be contiguous and equal in area, but where the estate is heterogeneous it may be desirable or even necessary to form partitions that differ in area so that the expected yields from each partition remain similar.
The concept can be extended to uneven-aged forests with the number of divisions reflecting the interval between harvests (i.e., the cutting cycle), and in turn, the interval for stands to regrow to their pre-harvest condition. Evelyn (1664) suggested "every twenty foot leave a good, fair, sound and fruitful oak standing", and thus implied a shelterwood system (Matthews 1991) , but plantation management generally involves clearfelling and replanting even-aged stands. Clearfelling makes it trivial to define the residual post-harvest stand, but the specification and implementation of a suitable definition for uneven-aged management is a non-trivial prerequisite for sustainability if it is to form the end condition applied in simulations. Some researchers have focused on de Liocourt's (1898) quotient and the structure of the stand table (numbers in each size class, e.g., Adams and Ek 1974;  or with an assumed distribution, e.g., Bare and Opalach 1987, Pukkala et al 2010) , but neither of these is particularly satisfactory in mixed stands where some species are non-commercial. The challenge is to offer a workable definition that ensures the anticipated volume of the next harvest, the continuity of growing stock, and the adequacy of regeneration. It may be that a generic stand table with broad species (e.g., early successional, late successional, and non-commercial species) and size classes (e.g., by 20 cm dbh size classes) may be a suitable compromise.
The definition of an optimal state and suitable end-of-simulation constraints becomes more challenging when other environmental objectives are included. In some instances, habitat objectives are prescribed independently of simulations, and may not be sustainable. For instance, native forests harvesting operations in Australia are often required to maintain a specified number of hollow-bearing trees, but few simulations demonstrate the longevity, fate and consequences of these trees. Such conditions are often appended to guidelines without forming an integral part of simulations studies.
Conclusion
It appears that the common preoccupation with the planning horizon may detract from the more difficult and more important questions such as end condition and other indicators of sustainability. Whilst long simulations help to convey a sense of sustainability (albeit subject to assumptions embedded within the model), they are an inferior substitute for stronger indicators such as the optimal state and tests of the adequacy of the terminal state at the end of a simulation. As Leary (1985) stated (in a different context) "what began as an interim solution [i.e., long simulations] to a difficult problem [i.e., defining sustainable harvesting] should not now be called the solution to the original problem". It is not easy to define appropriate end conditions for multiple-use forestry, but attempting to define these objectives will offer useful insights into many aspects of forest management and monitoring. Rigorous definitions of sustainability that constrain the terminal state in simulations, should allow flexibility in the planning horizon and relaxation of non-declining even-flow, allowing both greater economic efficiency and better environmental outcomes. The simple expedient of a long simulation with a non-declining even-flow constraint is economically inefficient and insufficient to ensure sustainability. It is preferable to explicitly define a desired terminal condition to simulate a more flexible harvest that ensures that desired outcome.
